A new method of estimating the yields of events at a nuclear test site is introduced and tested against the Amchitka experience. The intercorrelation method is a relative waveform comparison technique, which involves convolution of the first few seconds of each short-period P-wave recorded at a given station for two events with estimates of the effective source function (including pP) for the other event. This procedure accounts for common path and receiver effects as well as differences in time functions and near-source surface interactions. If the source parameters for a master event are determined independently, the assumed source parameters for a second event can be adjusted t o minimize the residual differences in the intercorrelated signal pairs for a large number of stations simultaneously. Yield estimates can then be made using empirical relations between the source parameters and yield. The source time function representation used is
Introduction
The currently preferred procedure for estimating the size of nuclear events from seismic data is to infer yield from an rrzb-yield calibration curve. One of the reasons that this procedure tends to have a large uncertainty is that the observations used to establish the calibration curves exhibit substantial scatter (Bache 1982) . It is generally not clear whether the scatter results from contamination of mh by anomalous coupling, tectonic release, anomalous pP behaviour or other factors. Since mh is strongly influenced by propagation and receiver effects, it is necessary t o rely on large numbers of azimuthally distributed measurements t o obtain a representative average. The resulting averages may still have unaccounted for biases which reflect t h e fact that mh is a very simplified measure of a seismic signal.
It is reasonable to expect that a technique which utilizes the complete amplitude and waveform information contained in teleseismic P-waves should provide more robust yield estimation than attainable using mb alone, particularly if a limited number of observations is available. Since in most cases it is necessary to rely on data from high gain, narrowband short-period instruments, it is very desirable to adopt a procedure which explicitly accounts for the complex short-period propagation and receiver effects. One such technique was proposed b y Mellman & Kaufman (1981) , who developed a relative waveform inversion method which compares the P-waves of two nuclear events recorded at a given station. Differences in the two observations are mapped into a simple parameterization of the transfer function that differs between the events. For explosions that are similar in size and close enough in location that the path and receiver properties are the same, the transfer function for each event can be idealized as a spike train consisting of P and pP arrivals. Other arrivals such as crustal reverberations near the source or slapdown phases can be incorporated if necessary. The relative waveform inversion is used to determine the p P -~P lag times, the I pPI/I PI amplitude ratios, and the relative amplitude of direct P for the two events. This procedure eliminates the need to predict the path and receiver properties quantitatively, as would be necessary for forward modelling approaches. However, it is limited in its ability to determine absolute values of the desired parameters since the relative waveform analysis is most sensitive t o differences in the parameters between events.
In this paper we apply an analysis similar in nature to that of Mellman & Kaufman (1981) . Because events o f very different size are analysed, the transfer functions we use include the source time functions as well as the P and pP arrivals, and the procedure is applied to many stations at the same time. This generalized procedure is called intercorrelation. To overcome the inherent trade-offs of the relative waveform analysis, the results from near-field modelling are used t o establish the absolute baselines needed to describe completely the effective seismic source functions. The adequacy of the source parameterization and other sources of yield estimate bias in the intercorrelation technique are investigated and compared with the uncertainties associated with mb comparisons.
Amchitka data
Since the primary purpose of this paper is t o appraise the use of complete time domain waveform information for estimating seismic yield, it is desirable to apply such analysis to events that have been extensively studied, essentially as a test case. The three nuclear tests on Amchitka Island; LONGSHOT, MILROW and CANNIKIN, are an obvious choice. As shown in Table I , these events span a large range in yield and burial depth and were detonated at nearby sites. They have also been the subjects of many seismological studies. several of which have emphasized the source characteristics of the events (e.g. von Seggern & Blandford 1972; King, Abo-Zena & Murdock 1974; Burdick ef al. 1982) . The most complete analysis was performed by Burdick, Wallace & Lay (1984, hereafter referred t o as Paper 1 ), who performed forward modelling of near-field and teleseismic data for the Ainchitka events. The difficulties encountered in extracting source parameters by forward modelling of the teleseismic data motivated the development of the method presented here. Several other studies have applied time domain and spectral analysis of teleseismic P-waves to determine the pP lag time and relative amplitude for each event, with the results summarized in Table 2 . In all cases, the pP delays are larger than expected for the known overburden velocities (which predict pP delays of 0.4 s for LONGSHOT, 0 . 6 4 s for MILROW, and 0.92 s for CANNIKIN), and in several cases the I pP I / \ PI amplitude ratios appear to be significantly reduced compared with the elastic prediction of -0.9. These studies also indicate the presence of additional arrivals, labelled Ps, with the same polarity as direct P for each event, which are usually interpreted as slapdown arrivals (Springer 1974) . These arrivals are sometimes inferred to be as large as pP. It is important to note that most of the determinations listed in Table 2 were made using small numbers of observations recorded in North America, and it is not clear whether they are representative of the azimuthally averaged source properties. The Amchitka test site is favourably located relative to the WWSS Network for analysis of the teleseismic signals. All available WWSSN short-period records for the three tests in the distance range 30" G A G 95" were collected and digitized for this study. This data set has Burdick ef al. (1984) uniform instrumentation and good azimuthal distribution (except in the south-eastern quadrant), which is important for understanding the teleseismic signals. The slow recording speed o f the WWSSN instruments makes it difficult t o digitize the signals accurately enough to perform spectral analysis of the data; however, it is reasonable t o apply time domain analysis as long as it is designed t o emphasize the information at the dominant period of the signals. Fig. 1 shows representative short-period P-waves from stations recording all three events. Many more waveforms for these events are shown in Burdick et al. ( 1 982) , and in Paper 1. There is a clear increase in dominant period of the signals between LONGSHOT and the larger events. The average period of the first cycle of the waveforms is 0.9 s for LONGSHOT, 1.2 s for MILROW, and 1.4 s for CANNIKIN. This increase is produced by both t h e increase in pP lag time with burial depth as well as by differences in the rise time of the explosion source functions. The rise time is expected to scale approximately with the cube root of yield (Haskell 1967) . Another feature to note in Fig. 1 is the development of a shoulder in the second upswing of the P waveforms with increasing depth of burial. This feature is apparent in only a few of the high-frequency MILROW waveforms where it is seen about 1 s after the first arrival, but is clear in many of the CANNIKIN waveforms at all azimuths. Forward modelling of these data indicates that the shoulder is produced by the anomalously delayed p P arrivals (Burdick & Helmberger 1979 ; Paper 1). The signal-to-noise ratio is quite high except for European recordings of LONGSHOT.
The overall simplicity of the source process of all three events is indicated by stations such as OGD, KIP. RIV and HKC, which have low amplitude codas and coherent waveforms. These stations are widely distributed in azimuth. This suggests that a simple parameterization of the effective source functions is viable. However, the complexity of short-period wave propagation in the Earth is also clearly indicated in Fig. 1 . There are substantial variations in the waveshapes from station to station for a given event. For some stations, such as BAG, there are late arrivals in the coda that are observed for all three events; whereas at other stations, notably PMG, the coda varies between events. These variations are the result o f the intrinsic propagation and scattering processes within the Earth occurring near the T. Lay, L. J. Burdick and D. sources, along the travel paths, and at the receivers. Deterministic forward modelling of these data, particularly at such pathological stations as ADE, is clearly a formidable task, which is only plausible for the few 'transparent' stations. The complexity of short-period wave propagation in the Earth is further demonstrated by considering the amplitude behaviour associated with the waveform variations of Fig. 1 . The first peak-to-first trough (Aab) amplitude was measured from 44 WWSSN records for LONGSHOT and MILROW and 38 records for CANNIKIN. The amplitudes were corrected for the instrument gains at 1 s period (no corrections for the periods of the signals were made), and geometric spreading corrections determined from fig. 3 of Langston & Helmberger (1975) were applied t o equalize the data t o a common distance of 50". Event corrections were then determined using the method outlined by Butler & Ruff (1980) , which minimizes the overall scatter in amplitude at each station. The resulting relative amplitudes are plotted as a function of azimuth from the source region in Fig. 2 . For each event the amplitudes vary by more than a factor of 10 between stations, but with the event corrections included, the scatter at each station is less than a factor of 2, with the largest scatter being at low gain, low amplitude stations. The stability of the relative amplitude patterns for events with such large differences in yield and source depth indicates that the mechanisms producing the large amplitude variations between stations are not associated with the source process or near source structure of each event. Fig. 2 shows that the majority of the data d o lie within a factor o f two of the mean amplitude. There is a concentration of very low amplitudes at azimuths near 345", which are from the Middle Eastern and European stations HLW, JER, IST, TRI and KEV. These stations show evidence of multipathing, with strong arrivals about 2 s after the first arrival and low long-period P-wave amplitudes (Burdick et af. 1982) . There is a concentration of relatively large amplitudes around an azimuth of 60", which are predominantly from US stations. This data set is typical of those encountered for other test sites, with large amplitude fluctuations produced by differences in receiver structure, lateral variations in attenuation and mantle path properties, and possibly by some near source azimuthal effects and variable p P interference.
The Amchitka test site is located in a complex tectonic regime, which may account for some of the observed waveform variations, though comparable azimuthal variations are observed for Pahute Mesa events (Helmberger & Hadley 1981) . Numerous studies have indicated the apparent effects of the subducting Aleutian slab on the P-wave travel times for t h e Amchitka tests (e.g. Cleary 1967; Sorrells, Crowley &Veith 1971; Abe 1972; Jacob 1972) , and some effort has been made t o relate amplitude variations t o geometric effects produced by the velocity gradients associated with the subducted slab (eg. Davies & Julian 1 9 7 2 ; Sleep 1973). The latter studies used ray tracing techniques t o suggest that a P-wave amplitude shadow zone should exist across Canada and northern Europe due t o the slab orientation. The ray tracing models indicate that multipathing should be observed at distances less than 40°, as appears to be seen in Canadian records of LONGSHOT (Davies & Julian 1972) . Sleep (1973) suggests that the amplitude reduction due t o defocusing by the slab could b e as large as a factor of 8. Syed & Nuttli (1971) and Sleep (1973) report that t h e azimuthal amplitude pattern for earthquakes in the Aleutian trench differs from that for the Anichitka tests. Fig. 2 does not show a simple azimuthal variation like that found in the travel tiines (Cleary 1967) , and the scatter at a given azimuth can be as large as the total range in amplitudes. The low amplitudes recorded at azimuths around 345" are at large distances and should be free of the multiplathing effects near the top of the slab in the models of Davies & Julian (1 972) and Sleep (1973) . However, they may be associated with a shadow zone produced at the bottom of the slab, which is manifested a t large distances, such as is apparent in the models of Jacob (1972) . The relative amplitudes d o not show any systematic trend as a function of distance, and are not significantly changed if alternate amplitude measurements such as the first trough-to-second peak (Abc) amplitude are measured instead (Burdick et ~l . 1982) .
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The intercorrelation procedure
The data discussed above show large unaccounted for amplitude and waveform variations that make it difficult to determine the source properties using forward modelling or spectral analysis. Similarly, it is difficult to decide whether the average mb for an Amchitka event is biased relative to magnitudes of other events at Amchitka or at different test sites b y the azimuthal variations and multipathing effects. The relative waveform approach is free of these uncertainties since it inherently accounts for the common receiver and path complexities as well as differences in the sources. (Lay, Helmberger & Harkrider 1984) . However, it is shown below that for the Amchitka test site there is a simple power law relation between yield and $A, which suggests that accurate yield estimation is possible even using narrowband data alone.
Paper 1 also showed that for the larger Anichitka events the corner frequency parameter, K , scales with burial depth, h , and yield, Y , as predicted by the Mueller & Murphy (1971) relation:
( 2 ) K = Cl ho.4*/y"3 where C, is a constant for a given test site. While the latter relation was developed in the context of a source model for which the high-frequency asymptote fall-off is proportional t o w 2 , it is not surprising that it also holds for the w 3 model given by (1). This is because the yield-scaling of the corner frequency is more important than the spectral decay rate in the period range spanned by both the teleseismic and near-field data, as is shown by Lay e f al. (1984) . In applying the intercorrelation technique, we will use equation (1) to allow comparison with the near-field results of Paper 1. Of course, alternate parameterized source models could be used in the procedure. For the Amchitka source models the differences in the source spectra for the w 3 and w2 models d o not become significant until frequencies of 3 Hz and higher . Therefore, our basic results, which are appropriate for the 0.5-2 Hz frequency range, are not sensitive to the choice of source model. Should higher frequency data be used for intercorrelation it may be necessary to demonstrate which spectral decay rate is appropriate. Fig. 3 shows an example from Paper 1 of the modelling of near-field velocity records for MILROW. The synthetics were produced by including only the direct P, p P and fundamental mode Rayleigh-wave arrivals, but provide an excellent fit to the major features in the data. The observations demonstrate amplitude decay and waveform behaviour that is very consistent with the elastic predictions and thus the resulting source function is appropriate for the teleseismically radiated seismic energy. The near-field records for MILROW and CANNIKIN show relatively little evidence for tectonic release, which is consistent with the low F factors determined teleseismically from surface waves (Toksoz & Kehrer 1972a, b) .
This supports the simple source parameterization adopted in the intercorrelation analysis. Paper 1 also presented forward modelling of the teleseismic waveforms using the near-field determinations of the source velocity structure and source time functions. An example of such forward calculations for MILROW is shown in Fig. 4 . It was found that pP is delayed in arrival time (Table 2) relative to the elastic delay of 0.64 s, though there is n o direct evidence for it being significantly diminished in amplitude. It was determined that a large range in effective t * variation between stations is required t o account for the observed waveform and amplitude differences. There are undoubtedly other propagation and receiver effects contributing t o the scatter as well. These forward calculations provide adequate fits t o the first 1 % cycles of many of the P-waveforms, but generally do not fit later portions of t h e signals, and do not fit the more complicated multipathed signals at all.
Given t h e results of the near-field modelling of MILROW and CANNIKIN, it is straightforward to apply the intercorrelation approach to the Amchitka data. Since there are n o near-field data for LONGSHOT, its source parameters could not be directly determined in Paper 1 . However, given an estimate of the yield o f LONGSHOT, the scaling law in equation (2) predicts a value o f K for LONGSHOT based on those determined for the larger events.
In practice, were the yield of LONGSHOT unknown, one could empirically approximate t h e yield (and thereby estimate K ) by comparing the observed amplitudes and waveforms with synthetic seismograms computed for various yields using the standard scaling laws. As long as a reasonably close value of K is used, the intercorrelation results will not be strongly biased (Mellman & Kaufinan 1981) , and the yield estimate can be refined by intercorrelation. Such relations between teieseismic aniplitudes and source parameters have been proposed b y Murphy (1 977). There is greater uncertainty in the yield-scaling of $L, and B, as reviewed b y Lay er al. (1984) . If long-period surface wave signals are available it may be possible to determine the J/-ratios, and then B can be determined by intercorrelation t o provide a complete source description. However, contamination due to tectonic release or other signal complexities may preclude the use of the long-period data. In such cases, the T. Lay, L. J. Burdick (9) and (10). The waveform norm is minimized by adjusting the p P paramcters and the amplitude norm gives thc $k values. In practice this procedure is applicd to many stations simultaneously.
ADE-OBSERVED SOURCE INTERCORRELATION
intercorrelation technique can be used t o obtain $k, which can be empirically related to yield. We proceed under the assumption t h a t the latter case holds in order to test the intercorrelation procedure, though for the Amchitka events the long-period data can provide additional constraint on the broadband source models . I t is necessary to know at least one source model with good confidence for any given test site, a so-called calibration shot, t o establish the baseline for the yield-scaling relations.
The intercorrelation procedure is presented in Fig. 5 , where the observations from the two Amchitka events LONGSHOT [OL(t) ] and MILROW [ O M ( t ) ] are displayed. If we have an effective source function for MILROW, M(t), we can estimate the LONGSHOT source, L(t), by noting that, if the Green's functions, anelastic attenuation filters and instrument responses are the same, Actually, for this t o work in the Amchitka case, where the depths vary substantially, the effect of pP must be included in the source function rather than in the propagation Green's function. That is, in this expression we assume the following:
where : SM(t) is the actual MILROW source time function; E(t) is the real Earth response t o a delta function source for the direct P phase; R,,E(t + A t ) is the real Earth response t o a delta function for the reflected p P phase, where R,, is thc effective reflection coefficient (approximately -1) from the free surface; At is a time lag representing propagation t o the free surface; * denotes temporal convolution.
Next, we arrange these operators to obtain T. Lay, L. J. Burdick and D. V. Helmberger 
We redefine the effective MILROW source M ( t ) as
and similarly.
This assumcs that the real Earth response E ( t ) does not vary between the LONGSHOT and MILROW sites. Thus, by convolving the LONGSHOT observation with the modified MILROW sourcc, M ( t ) , and the MILROW observation with the modified LONGSHOT source, L ( t ) , we should obtain the same time series. It should be noted that the construction of the effective source function, such as M(t), is based on the method of images. Thus, it is easily generalized to include individual source structures, tectonic release (shear dislocations), and slapdown simulations such as proposed by Scott & Helmberger (1983) . We will consider some of these features after performing some definitive tests with the simplest assumption; namely a half-space with R,, = constant. Fig. 5 suggests that the procedure can work quite well, despite the simplified assumptions about the source region structural effects. Note that the original waveforms show evidence o f multipathing which could not be explained by forward models like those shown in Fig. 4 ; however, the intercorrelated signals can be directly compared.
To appraise the intercorrelation results, two norms are used. The first is a waveform norm given by I "
where n is the number of stations and ccci is the optimal lag normalized cross-correlation coefficient for the ith station intercorrelation. This norm is most sensitive t o the agreement in zero crossing times between the signals, and is often used in waveform inversion techniques ( e g Burdick & Mellman 1976; Wallace, Helmberger & Mellman 1981) . The second norm retains the absolute amplitude information and is given by
where Ii(t) is the convolution of the seismogram recorded at station i for the first event with the source function of the second event, and Ji(t) is the convolution of the seismogram recorded at station i for the second event with the source function for the first event. The wi are weights applied to give uniform contribution for each station, and the integral is performed for the optimal cross-correlation lag time. If [;(I) and .li(t) have unit squared area, and wi = I , NA = 2 x Nw. Minimization of the waveform norm gives the preferred p P parameters for each source model and the amplitude norm is minimized for optimal values 111 the following analysis, the values for K and B determined in Paper 1 for MILROW ( K = 9, B = 1) and CANNIKIN ( K = 6 , B = 1) are held fixed. The scaling law (2) predicts K = 16.7 for LONGSHOT. which is also held fixed since the short-period WWSSN teleseismic of $,L. signals are not very sensitive to K values larger than 10 (Paper 1). This is justified below. B is arbitrarily held constant at H = 1 for all three events. Therefore, we will not be trying to determine the true IX source strengths, which would entail utilizing long-period data as well.
The value of $L for MILROW (1.4 x 1011cn13) appears to be very well constrained (for B = 1) whereas there is greater uncertainty in \i/L for CANNIKIN (4.5+-0.5 x 10" cni3).
Thus, the intercorrelation is applied to determine the pP parameters for each event and $L for LONGSHOT and CANNIKIN.
Intercorrelations for Amchitka
As a test of the ability of the intercorrelation procedure t o estimate source strength in the frequency band of short-period P-waves, MILROW and CANNIKIN were intercorrelated, with the three principal parameters being p P -~P , I p P ( / I PI and I ) :
for CANNIKIN. A parameter search procedure was adopted rather than an inversion because we desired to monitor the complete parameter space. The results in Table 2 indicate that pP-P for MILROW is about 0.80 5 0.05 s on average, with 1 p P i / l PI between 0.5 and 0.9.
Intercorrelations were performed using MILROW source models with pP-P varying from 0.64 to 0.85 s and 1 pPI/I PI varying from 0.6 to 0.9. For each MILROW model the CANNIKIN pP parameters ranged from pP--P= 0.9 to 1.25 s and
Twenty-five WWSSN stations recorded digitizable P waveforms for MILROW and CANNIKIN. all o f which were used. For each step of the parameter search the same source function was used for all of the stations, with n o attempt being made t o account for ray parameter. This necessarily gives an 'average' source function. Generalized ray theory step function responses for P and p P wet-e computed for the Amchitka source region velocity structure determined in Paper 1. These steps were smoothed and summed with the various delays and relative amplitudes o f pP, before differentiation and convolution with the source time functions. For a given yP-P and I p P l / l PI combination, the waveform norm NA is minimized for a particular value of of CANNIKIN. The weighting parameters used in the amplitude norm were the squared inverses of the relative a b amplitude station anomalies obtained by averaging the event corrected amplitudes described earlier.
The results of the MILR0W:CANNIKIN intercorrelation are listed in Table 3 . An interesting result is that the optimal pP-P and 1 p P 1/1 P 1 parameters for CANNIKIN parameter selection for both events for the given source parameterization. The intercorrelated waveforms for the latter model are shown in Fig. 6 . Time windows of 7 s were used for determining the amplitude and waveform norms. Note that the individual normalized cross-correlation coefficients are generally larger than 0.8. This indicates that both source representations are quite accurate, and that t o first order most of the waveform differences apparent in Fig, 2 are accounted for by the differences in source time functions and pP interference. The poorest agreement is for stations in Europe and the Middle East (ESK, HLW, IST), which show multipathing effects; however, the intercorrelations are still reasonably good. This is because the events are very close together and the ray paths are similar. The $ : estimates for CANNIKIN are thus based on all of the amplitude and waveform information contained in Fig. 6 . Table 3 indicates about a 10 per cent uncertainty in the estimated $ ; for CANNIKIN produced by the uncertainty in the MILROW pP parameters. Since such large ratios are not physically reasonable for our choice o f parameters, we restricted the maximum ratio to be no more than 1 . The continued waveform improvement for larger ratios indicates the inability of the adopted source parameterization to account for all of the differences in the signals. The p P parameters determined in this procedure are 'effective' values, which may not be the 'true' values because the optimization procedure maps as much of the waveform differences into p P as possible, whatever their actual cause. Some source structures with soft layers near the surface can in fact produce interference which results in apparent I p P ) / ) PI ratios greater than unity, as well as producing late positive arrivals (Burdick & Helmberger 1979) . These later arrivals are difficult to distinguish from slapdown phases. We will return to this point later. The uncertainty in $L for CANNIKIN due to uncertainty in the CANNIKIN p P parameters appears to be about 10 per cent. Thus, assuming the MILROW $k is well determined we obtain an estimate of $k = 4.0 f 0.6 x 10" cm3 for CANNIKIN. This agrees very well with the determination of $L = 4.5 t 0.5 x 10'' cm3 from near-field modelling in Paper 1. In the latter study, if the anomalously large amplitude of station MOS is omitted the il/L estimated for CANNIKIN is 4.1 x 10" cm3. Similarly, if one uses the value of t" determined from MILROW (0.85 s) in that paper, t o estimate $k for CANNIKIN from the average teleseismic ab amplitude, one obtains I&= 3.6 x 10" cm3, Table 3 shows that when the CANNIKIN li/k is fixed at 4.5 x 10" cm3 and the MILROW parameters are determined, values of $k = 1.1 to 1.2 x 10" cm3 are obtained, which are slightly lower than the near-field determination. More importantly, if the p P parameters for MILROW and CANNIKIN are I set to the elastic predictions, the $L estimated for CANNIKIN is 2.4 x 10" cm3. This underestimate illustrates the importance of the pP interaction. The intercorrelation procedure was applied t o 26 pairs of MILROW and LONGSHOT waveforms in an attempt t o determine a source model for LONGSHOT. The range in LONGSHOT parameters spanned in the parameter search was pP-P= 0.30-0.65 s and [pPI/ 1 P I = 0.3-1.0. The basic results are listed in Table 4 , where the general trends are very similar t o those observed for the MILROW : CANNIKIN intercorrelation. The optimalpPlag (0.55 s) and amplitude (I pPl/l PI = 0.9) for LONGSHOT are not strongly dependent on the parameters assumed for MILROW. The estimated $: for LONGSHOT decreases with decreasing I pPI/I PI or decreasing pP-P lag for MILROW. A nearly elastic reflection coefficient for LONGSHOT is preferred as was true for CANNIKIN, though again this may not be the true pP amplitude. The waveform norm is minimized for the MILROW parameters pP-P = 0.80 s, I pP I/ 1 PI = 0.9. The intercorrelated waveforms for this case are shown in Fig. 8 . The cross-correlation coefficients are uniformly high and many fine features in the waveforms are in good agreement. The waveform norm and $:estimates are shown as a function of LONGSHOT pP parameteis in Fig. 9 . Note that the pP lag time is better resolved than the I pPI/ JPI ratio. There is again about a 10 per cent uncertainty in $b, due t o uncertainty in the pP parameters for LONGSHOT. Using this, along with the results in Table 4 , the $ ; estimated for LONGSHOT is 2.0 * 0.3 x 10'0cm3.
A similar intercorrelation of 22 CANNIKIN and LONGSHOT waveforms is shown in 
pP-P (s)
$L (X 10" cm3) intercorrelation. Using $ ; = 4.0 x 10" cm3 for CANNIKIN gives an estimate of $ : = 2.1 x 10'0cm3 for LONGSHOT, which agrees with the MILROW : LONGSHOT result. Table 4 shows that using the preferred CANNIKIN model from forward modelling in Paper 1 , gives very similar results. Fig. 10 shows somewhat poorer agreement in the intercorrelated waveforms than found for the other intercorrelations. but still the cross-correlation coefficients are moderately high. It is important to bear in mind that an 80 kt event is being compared with a -SO00 kt event, and the differences in the original waveforms are striking (Fig. I ).
Figs 8 and 10 d o not indicate any azimuthal patterns in the intercorrelations that would suggest an asymmetric source effect. Fig. 11 demonstrates the dependence of $; for LONGSHOT on the LONGSHOT pP parameters in the CANNIKIN: LONGSHOT intercorrelation. The waveform norm has a well-defined minimum, and the associated $ : uncertainty is about 10 per cent. Once again, the waveform norm has an absolute minimum for IpPI/IPI ratios greater than 1 , but the +k estimate is not significantly different ( N , = 0.297 for pP-P = 0.55 s, IpPI/IPI = 1.3, +b. = 1.9 x 10'' cm'). Fig. 12 shows the sensitivity of the amplitude norm to the $b, value for LONGSHOT in the MILROW: LONGSHOT and CANNIKIN: LONGSHOT intercorrelations. There is a well-defined minimum in each case, indicating the optimal $;for the particular set of ppparameters used. The sensitivity of the values found for $ : for LONGSHOT to the value of K used for LONGSHOT is indicated in Table 4 . For K = 13 and 20, there is virtually no difference in $b, from that for K = 1 6 . 7 for both the MILROW: LONGSHOT or the CANNIKIN: LONGSHOT intercorrelations. This is because all of these values of K are large enough that the LONGSHOT corner frequency is nearly outside the passband emphasized by the intercorrelation procedure. This confirms our earlier suggestion that an approximate estimate of the unknown yield provides a sufficiently accurate value of K to perform the intercorrelation reliably, at least for the Amchitka events.
In Paper 1 it was noted that, for B = I , the $k required for LONGSHOT to explain the average teleseismic ab amplitude is 4.5 x 10'0cm3. It is possible that frequency-dependent effects, either in the attenuation operator or in the receiver and path properties, that are not included in the forward models lead t o an overestimate of $k for LONGSHOT. Since the intercorrelation process emphasizes the longer periods in the common passband of the signals, and requires no assumptions about the propagation effects other than that they are common t o each event, it is less susceptible to such a bias.
For each of the intercorrelations described above, a 7 s time window was used for comparing the waveforms. This value was selected because it provided sufficient zero crossings to give a meaningful cross-correlation without extending too deeply into the incoherent coda. The effect of increasing the window length on the overall waveform norms and $ : estimates is indicated in Table 5 . There is a strong increase in N , for longer windows and an attendant decrease in the $k estimates. This is not unexpected, for as more of the P coda is included the assumptions about the source parameterization worsen. This is because the events have different near source crustal reverberations and scattering effects along the slightly different paths, and all of the differences cannot be mapped into the p P arrivals. While, in principal, one could compute a complete crustal response for each source region velocity structure and include these in the source functions, the non-elastic behaviour of upgoing energy evidenced in the anomalous pP delays argues against such complicated modelling. Generally the source velocity structures are not particularly well known either. However, it is important to appraise the adequacy of parameterizing the source functions by only two arrivals. It was shown in Table 7 that several studies have found coherent arrivals following pP, but within the first two seconds of the P-waves, with amplitudes that are significant fractions of the direct P arrival. Evidence of these is shown in Fig. 13 , which compares representative observations for MILROW and CANNIKIN with forward calculations. The first row of synthetics include only P and p P , with the pP parameters for the preferred models found above, and the waveforms match the observation through the first MI LROW CANNIKIN q L --j Figure 13 . Comparison of representative P-waves for MILROW and CANNIKIN with forward modelling calculations. All models with only P and p P arrivals fail to produce as strong a second downswing as is observed a t most stations. Including a third arrival. P,. with the same polarity as P and the indicated lag times and amplitudes produces better agreement. The bottom row are synthetics for the p P and P, parameters used in the intercorrelation in thc next figure. 1% cycles, but for both events the second downswing is underpredicted. Figs 1 and 4 show that this is true for most of the data. which indicates that this is not a receiver effect. The third row o f synthetics show that the addition of a third arrival with the same polarity as direct P allows one to fit this feature of the waveforms. This third arrival is called P,, reflecting the interpretation that it is generated by slapdown. This interpretation is questionable because many velocity structures produce a crustal multiple with similar characteristics as mentioned earlier (Burdick & Helmberger 1 979) , and because the slapdown phenomenon can not be physically represented by a simple delta response (Day, Rimer & Cherry 1983) . Using the average timing and relative amplitudes determined for Ps in Table 2 , along with p P parameters that are the same as the forward modelling results, allows one to fit the observations as well as can be expected for the simple model used. Synthetics with these three arrivals are shown in the third row in Fig. 13 . No attempt is made in the synthetics t o account for differences in frequency content between P and P,. Forward calculations indicate that for the P, parameters listed in Table 2 the lpPl/l PI ratio is required t o be 0.6--1.0 for both MILROW and CANNIKIN (Burdick et al. 1982) .
A P, arrival was included in the MILROW : CANNIKIN intercorrelation to determine the bias in I): caused by underparameterization of the source model. No attempt was made t o search both the pP and P, parameter spaces. because of the large number o f parameters and severe trade-offs. Our approach was to fix the P, parameters for MILROW (P,-P= I .35 s, P,/P= 0.5) and CANNIKIN (P,-P= I .95 s, P,/P= 0.6) in accordance with the results in Table 2 , and t o step through the pP parameter space. The P, amplitudes are quite large, allowing us t o estimate the maximum likely affect of a third arrival. The results of some of the intercorrelations are listed in Table 6 . By comparing Tables 3 and 6 it is clear that including the P, arrivals produces the desirable result of reducing NW by 1/3. The optimal pP parameters for CANNIKIN are pP-P= 1.1 s and I pPl/l PI = 0.6-0.7, and the waveform norms no longer have minima for 1 pP l/l P 1 > 1 .O. The improvement in the norm is not surprising given the improved fit of forward calculations t o the data when three arrivals are included (Fig. 13) . The intercorrelated waveforms for the pP parameters in the first row of Table 6 are shown in Fig. 14 . The correlation coefficients are uniformly high and larger than those in Fig. 6 . Even fine interference features are well matched, Forward modelling synthetics for this model are shown in the fourth row in Fig. 13 . Table 6 shows the important result that the I)L estimates for CANNIKIN for a given selection of pP parameters for MILROW are only changed by a 5 per cent increase when P, is added. While we have not sought to optimize all the pP and P, parameters simultaneously, there is little reason to expect that this result will change. Thus, it appears that even the simple source parameterization with only P and pP arrivals gives stable estimates of $L. In most cases neither the source crustal structure nor details of l'his figure can be compared with 1:ig. 6 to indicate the improvement in the overall intercorrelation when t h e P, arrivals are included. The effective source functions for MILROW and CANNIKIN are shown at the bottom, and can be compared with those in l i e . 6. a n y slapdown phases will be known, so this is a fortunate result. This comes about because t h e pPinteraction is so important in shaping the first 2 s of the waveform where much of the signal energy arrives. It is clear that the actual pP parameters may be somewhat different than those determined by the intercorrelation process, since both pP-P and I pP 111 PI for CANNIKIN decreased with the inclusion of a P, arrival, but this is not particularly significant. All other inadequacies of the source parameterization are folded into the apparent pP parameters as well. The important aspect is t o account for the pP interference when comparing the two signals, t o give a reliable $ : . With this caveat, the preferred parameters for each event are listed in Table 7 . 
Comparison of intercorrelation and amplitude measurements for estimating yield
It is of interest to compare the intercorrelation results with conventional amplitude analysis, because mb comparisons are used t o estimate yield. the reference trend. This remains true after application of corrections for variation in attenuation at the receivers, for source region attenuation and for p P interference (Marshall et al. 1979) , though these corrections are all quite uncertain. It is possible that the mb-yield relation for Amchitka is intrinsically different from that for other test sites, or that the LONGSHOT amplitudes are anomalously large due to a source affect. As noted earlier, a similar discrepancy in the relative amplitudes of LONGSHOT was found in Paper 1 , which showed that a $A of 4.5 x 1O1'cm3, twice as large as found by intercorrelation, is needed t o reconcile the average LONGSHOT amplitudes with the average t* for Amchitka paths determined from MILROW and CANNIKIN. The M s values for Amchitka d o not deviate from the NTS trend and vary linearly with log Y (Bache 1982; Marshall et al. 1979) . This indicates that the true $= values vary with yield by Yo.' . We have not explicitly incorporated this long-period behaviour in the intercorrelation process because our intent is to determine whether the complete waveform information of short-period narrowband signals alone provides enough information t o estimate yields. Table 8 with yield. The curve shown for reference was obtained by regressing 39 E, determinations (Marshall et a / . 1979) for events in the US, France, Russia and India (Hache 1982) . The 39 events include 22 NTS events, the three Arnchitka tests, and six other US events. N o t e that the L O N G S H O T magnitudes lie significantly above the curve, which would Icd to an overestimate of the yield by a factor of 4 (using Z,).
To investigate the amplitude behaviour further, the average log (amplitude), along with its standard deviation, for each event in this study is listed in Table 9 . These are plotted as functions of yield in Fig. 16 . In computing the averages three data sets were considered in order t o appraise the potential bias in comparing the amplitudes between events of such different yield. These data sets are: (I) all available observations for each event: (11) the subset containing only stations recording at least two of the events: and (111) the subset of stations recording all three events. Given the strong azimuthal variation in amplitude for each event one could choose to omit the anomalously low-amplitude European data, or to apply some azimuthal weighting; however, such decisions are rather arbitrary and no culling of the data is performed here. Table 9 shows that the standard deviations are very large, for both the ab and bc measurements, and that there is substantial variation in the averages com- . Average short period ab (first peak to trough) and bc (firpt trough to second peak) amplitudes for LONGSHOT. MILROW and CANNIKIN from Table 9 plotted against yield. The amplitudes are appropriate for short-period WWSSN instruments with normalized gain of 1 at 1 s period. For each event the mean was determined using (I) all available WWSSN observations, (11) only stations recording at least two of the events, and (Ill) only stations recording all three events. The curves are the regresions found using set (I) and are given in equations ( 1 1) and ( 1 2). 
and which are shown in Fig. 16 . The large standard deviations in the amplitude measurements suggest that the statistical significance of these three point regressions is marginal, and the above relations are given only for reference. The simple linear relations above are similar to those found for other amplitude-yield comparisons (e.g. Springer & Hannon 1973). The difference in slope of the ab and bc curves reflects the increased effect of p P on the bc amplitude with source depth, which is readily apparent in Fig. I . The averages in Table 9 appear to contain biases caused by the large variation in yield. The averages for data set I1 are similar t o those for 1 for MlLROW and CANNIKIN, but are' reduced by about 30 per cent for LONGSHOT. This results from omitting the large amplitude observations for LONGSHOT at stations that went off-scale for the larger tests. For both the ab and bc measurements one would tend t o underestimate the yield of LONGSHOT (knowing those of MILROW and CANNIKIN) using data set I1 and assuming a linear relation between log amplitude and log yield. Restricting the data set t o only stations recording all three events has a similar affect for LONGSHOT, but also results in an average increase for MILROW and CANNIKIN. This occurs because the stations recording very low amplitudes for the larger events are omitted because the LONGSHOT waveforms arc too small to measure. There is a linear relation between log Aah and log Y for data set 111, just as for data set I, but the slopes are quite different. This linearity suggests that one could estimate the yield o f LONGSHOT fairly closely, but the forward modelling results predict Aab -100 m p for LONGSHOT, which would not lie on a linear trend with the larger events. The $ : estimated for LONGSHOT by forward modelling could be reduced by about 3 5 per cent (to 3.0 x 1O1'cm3) based on the relative behaviour of data sets I and 111. It is difficult to say to what extent these factors influence the mh anomaly for LONGSHOT. Comparison of the amplitudes in Table 9 with mb measurements must be done with caution since no perioddependent corrections were applied in our data. The average effect of correcting for instrument response and dividing by period, as done in mh determinations. would apply factors of approximately 0.9, 1.2 and 1.35 t o the LONGSHOT, MILROW and CANNlKlN amplitudes in Table 9 respectively.
The ultimate objective of the intercorrelation procedure is t o provide accurate estimates of explosion yields. Because the band-limited nature of the data precludes direct determination of the actual $ , values, we cannot rely on $,-yield scaling relations t o estimate yield.
However, an empirical scaling law relating $A and yield would serve just as well. The drawback is that the yields of at least two of the events must be known. The announced yields are plotted against the $b, determinations in Fig. 17 in a log- This expression predicts $b, = 4.2 x lo", 1.3 x lo", and 2.1 x 10'"cm3 for CANNIKIN, MILROW and LONGSHOT respectively. These estimates are all within the observed uncertainties. The curve produced by (13) is included in Fig. 17 . If the yield of LONGSHOT were unknown it would be estimated at about SO kt using the results for the larger events, while if the yield of CANNIKIN were unknown it would be estimated at 4000 kt. Having additional data points should provide increased accuracy. The $ ; yield-scaling exponent in equation (13) is less than the $2 yield-scaling exponent indicated by the M s ratios. This result indicates that B decreases with increasing yield for the Amchitka events. This is considered in detail by Lay et al. (1984) .
It remains t o be determined whether scaling relations similar to (1 3) can be reliably used to predict yield for other tests sites. It is probable that each test site will have a different baseline, as is observed for some mb-yield curves, but given detailed information about the yield of a reference event should establish the baseline shifts to apply. Preliminary results from near-field modelling of Pahute Mesa events (Steve Hartzell, private communication) indicate that the slope in equation (13) also differs from site t o site. Similar uncertainty exists regarding the mb behaviour for Amchitka, since the mb-yield slope may differ from that for NTS because of site effects. Thus, for both intercorrelation and mb comparisons it may be necessary t o have at least two calibration events with different yields t o attain very accurate yield estimation.
It was shown above that using amplitudes alone would lead t o as much as a factor o f 4 error in the estimated yield of LONGSHOT using the mh-yield curve in Fig. 15 . Part of this bias may be produced by having only three events of very different yield recorded for that test site, with the variation in station coverage introducing an unaccounted for yield dependent bias in mb. Since the intercorrelation procedure implicitly utilizes only common stations for estimating relative source strengths it is free of this bias.
The difficulty in reconciling the $ : estimates for LONGSHOT found by forward modelling and intercorrelation suggest the presence of frequency dependent propagation factors. One possibility is that the average effective t* for the Amchitka test site is frequency dependent with an absorption band roll-off near 1 Hz. This would produce a relative increase of the amplitudes of smaller events relative t o longer-period, larger yield events. Forward modelling calculations indicate that about a 20 per cent increase in the predicted amplitude for LONGSHOT relative to those for CANNIKIN and MILROW can be achieved with an absorption band attenuation operator. Another possibility is that the slope of the highfrequency spectral fall-off varies with yield due t o finiteness effects. Such frequencydependent effects could contaminate simple amplitude measurements o f signals with different dominant frequencies and would lead to a bias in forward models that assume 20s frequency-independent attenuation. These effects are less important for the intercorrelation process, which filters out high frequencies and emphasizes the common longer periods in the two signals. Utilizing the complete waveform information also accounts for any bias associated with pP interference. Using the first several seconds of the waveforms for estimating relative energy content helps t o account for scattering effects as well, in the same way as spectral magnitude techniques. The intercorrelation method is attractive in that it provides a direct representation of the source time function, from which estimates of the elastic radius and other physical source parameters can be inferred.
The major limitation of the intercorrelation technique is the requirement that a reference event be used to determine the absolute baseline for the scaling relations appropriate for a given test site. This is really the same requirement as needed for confidently establishing the rnb-yield baseline for a test site. Perhaps the greatest potential for the intercorrelation technique is its use t o identify anomalous events, for which the waveforms, and hence mb, are contaminated by tectonic release or other azimuthally varying factors. Such events should fail to intercorrelate well with normal events when the simple source parameterization used is adopted. This criterion for identifying anomalous events is being applied t o Pahute Mesa (Lay & Burdick 1983 ). There are strong trade-offs in the short-period waveforms between K , B and pP parameters (Ruff 1980) , but these d o not strongly bias the yield estimates as long as the values o f K are approximately correct (Mellman & Kaufman 1981) .
There is a direct trade-off between B and $b, for narrowband data; however, as long as a correct B -I )~, combination for a calibration event is available this should not bias the yield estimates.
Conclusions
Utilizing complete time domain waveform information t o estimate seismic yield appears t o be a viable approach. Through a simple parameterization of the explosion source time functions and pP interference it is possible accurately to map observations o f an 80 kt event (LONGSHOT) into a 5000 kt event (CANNIKIN). The relative source strengths are estimated using the complete P-wave signal with emphasis on the common frequency band. Using MILROW as a reference event, and keeping the amount o f RDP overshoot the same, the source strength of CANNIKIN is estimated as 4.0 f 0.6 x 10" cm3, compared with 4.5 f 0.5 x 10" cm3 determined by near-field modelling. The source strength o f LONGSHOT is found t o be 2.0 f 0.3 x 10'0cm3. The yield estimates obtained by waveform intercorrelation are not strongly biased by late crustal or slapdown arrivals. It appears that relative waveform comparison gives a less biased estimate of the yield for LONGSHOT than obtained by standard amplitude analysis.
